The entire nucleotide sequences of the rice, tobacco and liverwort chloroplast genomes have been determined. We compared all the chloroplast genes, open reading frames and spacer regions in the plastld genomes of these three species in order to elucidate general structural features of the chloroplast genome. Analyses of homology, GC content and codon usage of the genes enabled us to classify them Into two groups: photosynthesis genes and genetic system genes. Based on comparisons of homology, GC content and codon usage, unidentified ORFs can also be assigned to each of these groups such that It is possible to speculate about the functions of products which may be produced by these ORFs. The spacer regions and Intron sequences were compared and found to have no obvious homology between rice and liverwort or between tobacco and liverwort.
INTRODUCTION
Chloroplasts are intracellular organelles which contain their own genetic systems and a number of chloroplast components are encoded in their genomes (1, 2) . Most chloroplast genomes in land plants consist of homogeneous circular DNA molecules which range in size from 120 to 160 kbp. Determination and comparison of corresponding DNA sequences from a variety of chloroplast genomes reveal more accurate information on chloroplast gene structure and on the evolution of these genes. Since the entire nucleotide sequences of the chloroplast DNAs from tobacco, liverwort and rice have been determined (3) (4) (5) , the structure of all chloroplast genes, open reading frames (ORFs) and spacer regions in these three species can be analyzed at the nucleotide sequence level. We made a complete sequence comparison of these three genomes. We have grouped the chloroplast genes and ORFs into two groups based on homologies, GC contents and codon usages. This classification scheme enables us to predict the function of unidentified gene products from ORFs present in the chloroplast genome.
MATERIALS AND METHODS
The entire nucleotide sequences of the rice (Oryza sativa L., 134,525 bp) and tobacco (Nicotiana tabacum, 155,844 bp) chloroplast genomes (accession numbers xl5901 and z00044, respectively, in the EMBL data library) were determined in our laboratory (3, 5) . The nucleotide sequence of the liverwort chloroplast genome (Marchantia polymorpha; 121,024 bp) was obtained from the GenBank database (release 58.0). Computeraided analysis of nucleotide sequences was carried out using the GENETYX program (Software Development Co., Japan) on an NEC PC9801 computer.
RESULTS AND DISCUSSION

RNA genes
As with all higher plant chloroplast genomes examined to date, four kinds of rRNA genes, 23S, 16S, 5S and 4.5S rDNA are present in the rice, tobacco and liverwort chloroplast genomes. The deduced rRNA sequences of these four genes strongly resemble the corresponding counterparts among these three plant species (Table 1) . Among them, the rice 23S rDNA is larger than the other two because an extra 68 bp sequence is present in the middle of the gene. This extra sequence is flanked by short direct GTA repeats and has a significant level of homology to the region immediately upstream of the 23S rDNA sequence (data not shown). This suggests that the 68 bp sequence originated by a duplication of the upstream region. A similar sequence has also been reported in the maize chloroplast 23S rDNA (6) , so it seems that this extra 68 bp sequence could be specific in monocots.
Chloroplast tRNA genes (tms) are highly conserved (more than 80% homologous) between rice, tobacco and liverwort (Table  1) . A unique tRNA gene, tmR-CCG, is present only in liverwort (4) . Four pseudogenes corresponding to tRNA genes, "itrnfM/G, VtmG, 1/trnT and VtrnE, have been identified in rice. These are proposed to have resulted from multiple genome rearrangements, which must have occurred more than four times if the initial rice chloroplast genome was similar in structure to that of tobacco (7) . Similar genome rearrangements and the presence of pseudogenes have also been reported in wheat (8, 9) . -72  72  74  71  72  73  71  72  75  74  72  81  85  80  72  73  73  73  74  88  87  88  72  73  74  84  72  74   Tobacco   2810  1489  121  103   73  74  -72  72  74  72  72  73  71  71  75  74  72  81  85  80  72  73  73  73  74  88  87  92  72  73  74  84  72  73   Liverwort   2811  1496  119  103   73  74  74  72  72  74  71  72  73  71  70  75  74  72  80  85  80  72  74  74  73  74  88  88  88  72  73  74  82  72  72   Homology(%)   T/R   94  97  97  83   100  100  -100  97  100  89  96  96  82  97  100  92  100  98  97  96  97  92  97  97  99  94  97  91  96  93  99  99  100  97   L/R   91  94  89  82   97  96  -89  92  93  93  93  89  83  94  92  91  99  94  87  93  97  88  96  96  96  94  89  85  94  85  93  59  97  92 
*:genes containing introns
No similar pseudogenes have been found in the corresponding regions of the tobacco or liverwort chloroplast genome. However, unique pseudogenes corresponding to tmR-\JCG and trnP-GGG have been reported in tobacco and liverwort, respectively (4,10).
Polypeptide genes and conserved ORFs
The chloroplast genome contains over 62 genes which encode polypeptides (including putative genes). The polypeptides encoded by these genes include ribosomal proteins, RNA polymerase subunits, photosystem components and polypeptides homologous to the mitochondrial NADH dehydrogenase subunits, among others. Among ORFs found in the three chloroplast genomes studied, those with similar sizes and which are located in the corresponding regions of the three genomes arc designated as conserved ORFs. The sizes and homologies of the predicted translation products are listed and compared between rice and tobacco and between rice and liverwort in Table 2 .
The gene encoding a 30S ribosomal protein 16, rpsl6, is present in the same region of the rice and tobacco chloroplast genomes. (It is also present in all other angiosperms analyzed to date). The corresponding region in the liverwort genome contains ORF513 which has no homology with rpsl6, suggesting that ORF513 and rpsl6 are of different origins. The gene for a unique SOS ribosomal protein, rpl21, is present in the liverwort genome and no corresponding sequence occurs in the rice or tobacco genomes.
A gene encoding an initiation factor, infA, appears to be incomplete in the tobacco genome and lacks a known translation initiation codon. The chloroplast genomes of other higher plants such as spinach have been reported to contain an infA reading frame starting from ATG (11) . Therefore it seems that the tobacco gene may have lost a portion of its sequence and may thus be a pseudogene.
The following gene have listed in Table 2 as NADH dehydrogenase (ndh) sequences because they have some relation or homology to the mitochondrial NADH dehydrogenase genes (12) (13) (14) (15) : psbG, ORF393/393/392 , ORF178/167//btfl and ORF159/158/169 (ORFs are listed as rice/tobacco/liverwort, respectively).
A conserved ORF, ORF63/55/69, in the small-single copy region has recently been identified as the gene encoding the 50S ribosomal protein CS32, (gene name: rpl32), which was purified from tobacco chloroplasts and subjected to amino acid sequence determination (16) . The corresponding ORFs in rice and liverwort good homology to tobacco rpl32 gene, especially in the Nterminal region.
ORF2280 and ORF2136 are related and are present in the tobacco and liverwort chloroplast genomes, respectively. The Gene names are listed according to Hallick et al (18, 19) . ORFs are shown listed as rice/tobacco/liverwort, respectively. Hyphens indicate genes or ORFs which are absent in a particular genome. IRF indicated an introncontaining reading frame. Asterisks indicate genes containing introns. 1) divided gene (20) .
2) tobacco infA is assumed to be the largest reading frame.
3) see reference 19. 4) Liverwort ndh are called as ndhl-6. The ndh products were not identified. 5) see references 12-15. 6) There is local homology between 74 amino acids in the protein. The total number of codons which have AU or GC in the third position are listed below each table. The genes used to determine the data in Table 3 are listed in  Table 2 . • Genes containing introns.
tobacco sequence for ORF2280 has recently been revised, and defined as a single ORF which was previously thought contain two ORFs, ORF581 and ORF1708 (T. Wakasugi, personal communication). Though ORF2280 in tobacco corresponds in location to ORF2136 in liverwort, these ORFs have only local homology in common. Rice has no ORF which corresponds in size to ORF2280 and ORF2136 in tobacco and liverwort, however, it contains two short ORFs, ORF28 and ORF64, which bear homology to parts of tobacco ORF2280. Thus, these rice ORFs could be derived from an ORF similar to tobacco ORF2280 as a result of large deletions in the sequence. Based on homology of translation products, the chloroplast genes from rice, tobacco and liverwort have been classified into two groups. One group includes the genes encoding ribosomal protein, RNA polymerase and NADH dehydrogenase. This group of genes include homologies of 70-80%, between rice, tobacco and liverwort. The second group of genes all have homologies of more than 80% and mainly encode components of the photosynthetic apparatus. The conserved ORFs are distributed into these two groups based on homology. Among them, ORF29/29/29, ORF31/31/31, ORF35/34/35 and IRF170/168/167 (IRF: intron-containing reading frame) have homologies of 80% or more and are grouped with photosynthesis genes. ORF542/509/370 lies within an intron in the trnK-UUU gene and has less homology than all the other genes and ORFs, suggesting that ORF542/509/370 may not be functional.
The average GC content of photosynthesis genes (excluding introns) in rice, tobacco and liverwort are calculated to be 41.9%, 41.6% and 34.8%, respectively. These values are substantially higher than those found in the ribosomal protein genes, 38.8%, 38.5% and 28.7% (in rice, tobacco and liverwort, respectively). The GC content of the ribosomal protein genes in comparable to GC content of the entire genomes which are 39.0%, 37.9% and 28.8% in rice, tobacco and liverwort, respectively.
The codon usage pattern (Table 3) suggests that the codons containing A or U on the third position are given preference in the chloroplast genome. Figure 1 shows the relationship between the GC contents of an individual genes (including ORFs) and 
1)
2)
The GC content of exons are shown in parentheses. Hyphens indicate that no intron in present in the corresponding gene or ORF. 1) First intron in the IRF. 2) Second intron in the IRF.
• only in liverwort.
the numbers of codons in the same gene with use G or C in the third position. Plots of this relationship for most genes are localized in the lower right quadrant of the graph (when both axes are extended to 100%), indicating a strong tendency to use A or U in the third codon position. This tendency is strongest in liverwort. The photosynthesis genes show high homology among the three chloroplast genomes (see Table 2 ), higher overall GC contents and higher GC preferences in the third codon position than do other genes (Table 4) . Thus, photosynthesis genes can also be considered to constitute a distinct and single group based on GC content (they are plotted in higher positions in Figure 1A -Q.
It has been reported that nuclear genes in higher plants tend to use G or C in the third position of codons. Especially in most monocot nuclear genes, the GC content of the third codon position is more than 80% (17) . The fact that the chloroplast genome tends to use A or U in the third codon position suggests the chloroplast genome is derived from different origins than the nuclear genomes or has been affected by different evolutional forces.
The ndh sequences are placed in the lower sequence homology group, separate from the group of photosynthesis genes. The GC content of these genes also supports this classification since the relationship between GC content and codon usage among these gene is more similar to that of ribosomal protein genes than that of photosynthesis genes ( Fig. 1D-F ). These observations suggest that ndh products have different functions or locations than photosynthesis proteins.
Plots for the GC content and codon usage for the conserved ORFs also show that these genes fall into lower homology group along with most of the chloroplast genes ( Fig. IF-I ). However, dots representing some unique ORFs are dispersed in these plots. Some chloroplast genes contain introns. Introns from rice and tobacco are, in most cases, larger than those of liverwort ( Table 5 ). The rice RNA polymerase gene, rpoCl, and ORF216 lack introns and liverwort IRF167 lacks the second intron. The GC contents in introns is lower than that of exons.
